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The incidence of congenital heart disease in the children 
of219 probands was determined. Each of these probands 
had one of four selected defects: atrial septal defect, 
coarctation of the aorta, aortic valve stenosis or complex 
dextrocardia. Of their children, 8.8% had substantial 
congenital cardiac defects. This is a much higher inci-
The successful medical and surgical treatment of congenital 
heart disease has increased the importance of its early di-
agnosis and this in tum has contributed to the growing 
interest in the risk of cardiac defects in the offspring of 
affected parents. Although a few cases of congenital heart 
disease are known to be caused by environmental agents, 
for example, viruses, drugs and maternal infections, there 
are many examples of familial recurrence suggesting that 
genes contribute substantially to its origin. It is well known 
that chromosomal anomalies account for only a small pro-
portion of cases of congenital heart disease and it is believed, 
on less secure grounds, that the contribution of single gene 
(Mendelian) disorders is also small. It was therefore sug-
gested (1,2) that congenital heart disease might be polygenic 
or multifactorial, that is, caused by the interaction of a large 
number of genes with or without some contribution from 
environmental factors. 
A method of testing the polygenic model is available. 
Edwards (3) calculated the incidence of disease to be ex-
pected in first degree relatives of subjects affected with a 
polygenic disease and has shown that it is approximately 
the square root of p, where p is the frequency of the disease 
in the general popUlation. A knowledge of the incidence of 
a given disease both in the general population and in the 
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dence than that reported in most comparable studies. 
The difference is highly significant statistically and there-
fore is likely to be genuine. The cause of the high re-
currence is probably environmental. 
(J Am Coli CardioI1985;6:376-82) 
first degree relatives of those affected with it therefore offers 
evidence as to whether the disease is polygenic. 
Nora et al. (4) were the first to undertake family studies 
to determine whether the actual incidence of congenital heart 
disease in first degree relatives corresponds to that predicted 
by this model. The recurrence risks published for first degree 
relatives were in a range of I to 5% which, given the pop-
ulation incidence rates, are in good agreement with the 
figures that Edwards' theory predicts. For this reason, the 
concept that the inheritance of congenital heart disease is 
of a polygenic nature gained wide acceptance. Another rea-
son for accepting the polygenic model is that the observed 
sex distribution of congenital heart disease conforms with 
the distribution predicted by the model. If a given polygenic 
disease occurs more frequently in one sex than in the other, 
theory predicts and observation confirms that children are 
more likely to inherit the disease from a parent of the less 
frequently affected sex. This has been found true of some 
types of congenital heart disease (see Discussion). The po-
lygenic model has, however, encountered certain difficul-
ties. First, it has been found that the recurrence risk is 
somewhat higher for children than for siblings of affected 
probands (5), but the polygenic model predicts that their 
risks would be the same. Furthermore, Whittemore et al. 
(6) reported a 16.1 % recurrence risk for congenital heart 
disease in a prospective study of 482 pregnancies of 233 
affected mothers over a period of 15 years. This figure is 
considerably higher than that reported by Nora et al. (4) 
and is also too high to be readily explained on the basis of 
polygenic inheritance. 
The principal purpose of the present study is to reexamine 
the polygenic model. We determined the incidence of con-
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genital heart disease in subjects whose father or mother 
suffered from aortic stenosis, atrial septal defect, coarctation 
of the aorta or complex dextrocardia. The four defects cited 
were chosen, first, to test the sex effect (aortic stenosis, 
atrial septal defect and coarctation); second, to expand the 
data where these are sparse (coarctation and aortic stenosis); 
and third, to check reports of parental consanguinity (dex-
trocardia). Studies of offspring of patients with congenital 
heart disease have been few. Nora and Nora (7) published 
the results of personal examination of at least 100 children 
of affected parents and the total number of affected offspring 
was small, particularly for probands with coarctation of the 
aorta and aortic stenosis. Both defects are more common in 
male subjects. On the other hand, atrial septal defect occurs 
more frequently in female subjects and we included this 
defect to assess whether the risk to offspring is greater when 
the proband parent is of the more rarely affected sex. In all 
the lesions we selected, with the exception of dextrocardia, 
it was expected that sufficient numbers of affected subjects 
would have survived and become parents at the time of the 
study. The suggestion that parental consanguinity occurs in 
patients with dextrocardia led to the suggestion that this 
malformation is transmitted as an autosomal recessive trait 
(8,9). Although we suspected that the number of subjects 
with dextrocardia of child-bearing age would be small, we 
included this defect to assemble more data. 
A subsidiary aim of this study was to gather data that 
would be useful in counseling prospective parents with con-
genital heart disease. Accordingly, we sought the following 
information: I) incidence of congenital heart disease in off-
spring of parents affected with well defined congenital heart 
disease; 2) pregnancy risk in probands and spouses of pro-
bands with congenital heart disease; 3) concordance between 
diagnosis of offspring and parent; 4) sex ratio of both chil-
dren and parents affected with a given defect; 5) the fre-
quency of consanguinous marriage; 6) the contribution of 
single gene disorders; 7) maternal and paternal age effects; 
and 8) risk of other congenital defects. 
Methods 
Study patients. The congenital heart defects selected 
for this study were: aortic stenosis, atrial septal defect se-
cundum, coarctation of the aorta and dextrocardia with com-
plex cardiac involvement. Probands were identified as fol-
lows: the records of the Division of Cardiology at The Hospital 
for Sick Children were searched for all subjects who were 
born before 1959 and who had been diagnosed as having 
one of the four defects selected for the study. Additional 
subjects were obtained in a similar manner from the Car-
diology Division of Toronto General Hospital. We excluded 
all subjects whose cardiac defect was part of a known mal-
formation syndrome. The subjects having been identified, 
we made the following attempts to contact them in the course 
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of a 2 year period. First, we attempted to contact them by 
phone or letter, or both, at their last address. In many cases, 
either the subject or parent or someone who knew his or 
her whereabouts was available. Failing this, we contacted 
the subject's last reported family physician, explained the 
study, and asked for information about the family. If this 
also failed, we sought additional information from the public 
health authorities of the region in which the patient was last 
known to reside and the Motor Vehicle License Bureau of 
Ontario, having obtained special permission to secure in-
formation from this source. The subjects who were included 
in the study constitute the probands. 
History, pregnancy and offspring data. All probands 
and, in most cases, their spouses and children were seen at 
the Cardiac Outpatient Department at The Hospital for Sick 
Children in Toronto. Additional family history was taken 
from both the proband and the spouse. Information was 
sought about any congenital heart defect or other type of 
birth defect in the parents and siblings of the proband and 
spouse. The information was encoded on a form and sub-
sequently entered into a computer file. When heart disease 
was reported in one of the first degree relatives of the pro-
band or of the proband's spouse, we sought confirmatory 
evidence from appropriate sources. In addition, for each 
pregnancy, a detailed history was taken and similarly en-
coded on a form. On this form were recorded the marital 
status, length of gestation, complications, drugs adminis-
tered during the pregnancy and outcome of the pregnancy, 
including type of delivery, birth weight and status of the 
offspring. Each child was examined by one of us (V.R.) to 
the extent necessary to establish that no cardiac defect was 
present or to identify the type that was present. All the 
children examined in the study had an electrocardiogram. 
An echocardiogram was obtained when findings suggested 
a probable cardiac defect. Cardiac catheterization was per-
formed when necessary. 
Results 
Proband Data 
The outcome of the search procedure described above is 
set forth in Table 1. Initially, we identified 921 pro bands 
who belonged to the selected diagnostic categories. Of these 
921, 380 were excluded because they had no children, 34 
had died and 22 did not wish to participate. There were 266 
probands who lived too far away, that is, outside the Prov-
ince of Ontario, or who could not be traced. Thus, of the 
original 921 probands identified, 219 remained to participate 
in the study. 
A well recognized source of error in field studies of this 
kind is that the compliant population may not be a repre-
sentative sample of the total population. For example, par-
ents already aware that one of their children is affected might 
be overrepresented in the compliant sample. An estimate of 
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Table 1. Disposition of Subjects Screened for Study 
Reasons for Exclusion 
No pregnancies 
Died 
Refused to participate 
U ntraced and out of province 
Total exclusions 








the sampling bias caused by our selection procedure may 
be derived from Table 2. Except in the case of dextrocardia, 
which comprised too small a sample to provide useful con-
clusions, the diagnostic composition of the study sample 
did not differ significantly from that of the original sample. 
This suggests that the sampling error is probably small. In 
any case, noncompliance, which among the reasons for 
exclusion is the one most likely to introduce bias, makes a 
very small contribution to the truncation of the original 
sample. 
Two hundred nineteen probands, 100 male and 119 fe-
male, participated in the study. The best diagnostic evidence 
was provided by surgery in 183 probands, catheterization 
in 31 and clinical assessment in 5. The 219 probands com-
prised 63 with a diagnosis of aortic stenosis, 104 with atrial 
septal defect, 49 with coarctation of the aorta and 3 with 
dextrocardia and associated heart disease. There was a pre-
dominance of male subjects among probands with aortic 
stenosis and coarctation and a predominance of female sub-
jects among probands with atrial septal defect. Female pro-
bands married at a younger age than male probands, the 
modal ages being 18 and 21 years, respectively. By age 30, 
95% of the probands, that is, 98 male and 109 female 
probands, had married, which is not significantly different 
from what happens in the population at large. The 219 
probands had 385 live offspring, 40 of whom had a cardiac 
defect themselves. 
Pregnancy Data 
The data for the 462 pregnancies experienced by the 
probands were collected in a standard format. The average 
age of the mother at delivery was 24 years and that of the 
Table 2. Estimate of Sampling Bias 
Original Study 
Sample Sample 
No. Percent No. Percent 
Atrial septal defect 386 42 104 48 
Aortic stenosis 297 32 63 29 
Coarctation of aorta 174 19 49 22 
Dextrocardia 64 7 3 
Total 921 219 
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father was 26.5 years. Complications of pregnancy were 
uncommon. Of the 385 pregnancies which resulted in live 
birth, 35 (9. 1%) were accompanied by episodes of bleeding 
and 26 (6.8%) were accompanied by toxemia. Female pro-
bands and spouses of male probands experienced a similar 
pattern and frequency of complications. There was no sig-
nificant difference in the number of premature infants born 
to affected (9.3%) and unaffected (7.7%) mothers. Labor 
was induced in 59% of proband mothers and 41 % of spouses 
of probands. The average duration of labor was 2.7 hours 
and it lasted as long as this or longer in II % of the preg-
nancies. Thirty-three percent of all deliveries were by ce-
sarean section; 4% were breech deliveries. A slightly higher 
proportion of cesarean and breech deliveries occurred in 
proband mothers than in spouses of probands, but this dif-
ference was not significant. 
The average birth weight of the offspring was 2.7 kg and 
91 % of the total group had a birth weight between 2.27 and 
3.63 kg. In addition to the 385 pregnancies resulting in live 
births, 12 stillbirths, 49 spontaneous abortions and 10 ther-
apeutic abortions were recorded. Thus, of the 456 preg-
nancies whose outcome was known, 84.5% resulted in live 
births, 2.6% in stillbirth and 10.7% in spontaneous abortion; 
2.2% were terminated therapeutically. There were no sig-
nificant differences in any of these figures when the preg-
nancies of probands and of spouses of probands were com-
pared. Given that spouses of male probands constitute a 
valid control group, as far as complications of pregnancy 
are concerned, the absence of a significant difference be-
tween the two groups in this respect suggests that the pres-
ence in the mother of the four congenital heart defects in-
vestigated does not significantly increase the complications 
of pregnancy. In theory, the paternal genetic contribution 
could be relevant to stillbirths and miscarriages, but our data 
seem to suggest that it is not. 
Offspring Data 
Incidence. Of the 385 live infants born to male and 
female probands with congenital heart disease, 40 of them, 
whose mean age was 5.1 years (range I day to 19 years) 
at the time of the study had a congenital heart defect them-
selves (Table 3). This represents 10.4% of all their children 
born alive, a global recurrence risk considerably higher than 
that previously reported. When offspring with minor de-
fects, such as Wolff-Parkinson-White syndrome and mitral 
valve prolapse, were excluded, the recurrence risk was 8.8%, 
still considerably in excess of the 2.9% reported by Nora 
et al. (4). Of the 178 offspring with an affected father, 13 
had congenital heart disease; of the 207 offspring with an 
affected mother, 27 had congenital heart disease. The risk 
of recurrence was therefore significantly greater in the chil-
dren if the mother was affected than if the father was. This 
difference would occur by chance less than once in a thou-
sand trials. Children whose mother had an atrial septal defect 
lACC Vol. 6. No.2 
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Table 3. Incidence of Congenital Heart Disease (CHD) in Offspring by Diagnosis of Proband 
Our Study Other Studies * 
Diagnosis of 
Proband 
Coarctation of aorta 
Aortic stenosis 











*Previous to 1970. 







were found to be 3.5 times as likely to have a significant 
cardiac defect as children whose father had this condition. 
The cognate figures for aortic stenosis and coarctation are 
2.0 and 1.9, respectively (Table 4). 
Embryologic and morphologic data. It has been sug-
gested by Fraser and Hunter ( 10) and Miller and Smith ( II ) 
that in humans, as in certain breeds of experimental animals, 
there are genetic predispositions common to certain related 
groups of malformations, for example, those involving the 
development of the conotruncal septum. Table 5 shows the 
relation between the defect found in the child and that found 
in the proband (minor defects excluded). In the majority of 
cases, the parents' defects were morphologically or em-
bryologically related to the defects in their offspring. In 
25% of cases, however, the offspring had an entirely dis-
cordant lesion. Two children of parents with atrial septal 
defect had coarctation of the aorta, two had mild aortic 
stenosis with a bicuspid aortic valve and one had hypoplastic 
left heart syndrome. Among five offspring of parents with 
aortic valve stenosis, discordant defects included pulmonary 
atresia with intact ventricular septum, tetralogy of Fallot 
and complex cyanotic heart disease. Two of II offspring 
With CHD Offspring From With CHD 
Probands With 
No. Percent Given Defect (no.) No. Percent 
9 7.7 253 7 2.7 
II 11.5 103 4 3.9 
22 11.3 199 5 2.5 
0 
40 10.4 555 16 2.9 
with atrial septal defect had other associated cardiac ab-
normalities. Although the sample size is too small to permit 
definite conclusions, the data suggest that to the extent that 
these defects are genetically determined, it is not a particular 
defect that is inherited but rather the liability for some car-
diac defect in general. 
Thirty-three of 385 liveborn infants had a noncardiac 
congenital anomaly, five of which were multiple. 
Sex distribution. An analysis of the sex distribution of 
the various kinds of defects among parents and children 
(Table 4) does not follow the pattern expected on the basis 
of the widely held assumption that the etiology of many 
congenital heart diseases is polygenic. Polygenic diseases 
exhibit the Carter effect. That is to say, the incidence of 
disease is greater among subjects whose affected parent is 
of the less frequently affected sex. This phenomenon is 
frequently found in polygenic diseases such as clubfoot and 
pyloric stenosis and is explained by the assumption that the 
genes causing the disease are more readily expressed in the 
sex that is more frequently afflicted with the disease. There-
fore. to contract the disease, the less frequently afflicted sex 
must be more richly endowed with the genes that cause it. 
Table 4. Effect of Proband's Sex on Recurrence Risk 
Live Significant* 
Diagnosis and Probands Offspring CHD CHD 
Sex of Proband (no.) (no.) (%) (%) F-7Mt 
Coarctation 
Female 19 31 6.5 6.5 1.9 
Male 30 59 8.5 3.4 
Aortic stenosis 
Female 26 35 17.0 17.0 2.1 
Male 37 61 8.2 8.2 
Atrial septal defect 
Female 72 138 13.7 12.3 3.5 
Male 32 56 7.1 3.5 
Dextrocardia 
Female 2 4 0 0 
Male 0 0 
*Excluding minor defects as previously defined. tF -7 M indicates the percent of offspring of female probands 
having given the defect who have significant congenital heart disease (CHD) divided by the cognate percent 
for offspring of male probands with the same defect. 
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Table 5. Diagnosis in Offspring by Diagnosis in Proband 
Proband 
Atrial Septal Aortic 
Defect Coarctation Stenosis Dextrocardia 
Offspring (104) (49) (63) (3) 
Atrial septal defect (II) II 0 0 0 
Coarctation (3) 2 0 I 0 
Aortic stenosis (9) 2 3 4 0 
Dextrocardia (0) 0 0 0 0 
Other (II) 4 6 0 
Numbers in parentheses indicate the total number of probands or of offspring with the indicated defect. 
Hence, when the less frequently affected sex has the disease, 
it will confer a greater risk on its offspring, This effect is 
not found in our data (Table 6), Of the 104 probarids with 
atrial septal defect, approximately 69.9% are female. The 
female is, in this case, the more frequently affected sex, an 
observation amply confirmed by other studies. We should, 
therefore, expect with a polygenic hypothesis, that the in-
cidence of heart disease would be greater among the off-
spring of males with atrial septal defect than of females with 
the defect. However, although fathers with an atrial septal 
defect constitute 30.1 % of the probands with this defect, 
they generated only 3 of 29 (13.6%) of the affected off-
spring. Even if one looks only at those offspring with atrial 
septal d~fects, males with atrial septal defects generated only 
1 (9.1 %) of 11 of this group. The sex distribution of con-
genital heart disease in offspring of affected parents does 
not conform to that expected from this polygenic hypothesis. 
Consanguinity was not found among any of the parents 
studied. Therefore, any major contribution of recessive sin-
gle gene inheritance is rendered unlikely. 
Discussion 
Recurrence risk. The major finding that emerges from 
our study is that there is a far higher recurrence risk of 
congenital heart disease in the population examined than 
that generally reported (2,12,13). Our findings are closer to 
those recently published by Whittemore et al. (6). More-
over, although these investigators prospectively examined 
all offspring of probands, our study was retrospective. 
Therefore, we would have missed any children whose con-
genital ventricular septal defect had spontaneously closed 
before examination although this source of error was not 
present in the study by Whittemore et al. It is possible, 
therefore, that our recurrence risk, when corrected for this 
error of ascertainment, would be closer to that of Whitte-
more et al. than our reported risk which, in any case, must 
be taken as a minimal figure. Our global recurrence risk is 
10.4%; that is, extrapolating from our popUlation, we would 
quote a 10% risk that a parent with one of the four kinds 
of defects studied would have a child with a congenital heart 
defect of some kind. This is much higher than the 3% risk 
given by Nora et al. (4). The differences are significant and 
cannot be explained by differences between the criteria used 
by us and by other authors to define the presence or absence 
of cardiac disease. Because the degree of difference found 
makes it unlikely, given the size of our sample, that this is 
a chance finding caused by sampling error, the best inference 
that can be drawn is that the recurrence risk is genuinely 
different in different popUlations. One must therefore con-
sider the possible causes of this difference. Although meth-
ods of early diagnosis and treatment have improved the 
chances for survival of infants born with congenital heart 
disease during the past 15 years, this cannot account for the 
higher recurrence figures because the earlier studies were 
designed in such a manner that they would have detected 
Table 6. Lack of Carter Effect in Atrial Septal Defect (ASD) 
Total Female Male 
Probands with ASD 104 72 (69.2%) 32 (30.8%) 
Offspring with ASD II 
Offspring of 10 (90.9%) 
female proband 
Offspring of 1(9.1%) 
male proband 
Number expected 7.6 (69.2%) 3.4 (30.8%) 
with random hypothesis 
Number expected 7.6 3.4 
with Carter hypothesis 
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infantile deaths from cardiac disease. Because gene fre-
quencies are well known to vary from population to pop-
ulation, it is tempting to assume that the higher risk found 
in our study may be attributable to higher gene frequencies. 
Analysis shows that this is probably not the case. 
Genetic explanation unlikely. The fact that our high 
risk figures cannot be explained on a purely genetic basis 
will be illustrated by considering the finding that 10.4% of 
the children of probands with aortic stenosis had children 
with a cardiac defect, that is, a frequency of 0.104. The 
true frequency is probably higher because the figure given 
is not corrected for errors of ascertainment, but let us take 
this figure as it stands. We do not, of course, know the 
genetic mechanism underlying this recurrence but we can 
consider each possible genetic mechanism separately and 
determine its quantitative implications. First, assume that 
our probands with aortic stenosis are all homozygous for 
the same mutant gene at the same locus. If someone with 
a recessive disease is married to a healthy person, which 
was the case in our study, the risk that the child will have 
it is q - q", where q is the frequency of the mutant gene 
in the population, and this must equal 0.105. This gives q 
= 0.12, which would imply a disease frequency (q2) of I 
in 69 of the population. This frequency is much too high 
to have escaped notice. 
The next model one could examine is that all of the 
probands have an identical polygenic disease, which would 
lead to a population frequency of 1 % (0.104)", which is still 
much higher than that observed. One must also consider the 
possibility of an increased contribution from dominant dis-
ease, but this would lead to prohibitively high incidence in 
the general population. in examining the electrocardiograms 
of 68 of the 104 pro bands with atrial septal defect, we found 
no significant increased prevalence of atrioventricular con-
duction abnormalities in the probands with affected off-
spring versus probands of unaffected offspring, thereby ex-
cluding a contribution from this type of dominantly inherited 
disease. A model can also be a mixture. for example, some 
of the problmds having a polygenic and some having Men-
delian disease. The result would be a predicted population 
frequency intermediate between the two limits stated and 
still far higher than that observed. The argument is not 
altered if it is assumed that the recessive and polygenic 
diseases are not homogeneous. The point is that no plausible 
model relying entirely on genetic factors can be made to fit 
the data. We, therefore, did not require precise knowledge 
of which genetic mechanisms are present to be able to say 
that genes alone probably do not account for the high risks 
we observed. 
Possibility of environmental mechanisms. There are 
three reasons for believing that the causes of the higher risks 
found in our study are predominantly environmental. The 
first is that genes have been eliminated as the sole cause 
and the environment is all that remains. 
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The second reason is that many teratologic studies have 
shown that environmental agents may increase the risk of 
a disease in animals (including humans) that are genetically 
predisposed to it. For example, Ajax mice have a higher 
incidence of cleft lip than do C57BL mice, and 6-amino 
nicotinamide, which induces this defect, has a greater effect 
on the former strain (14). Similarly, Nora et al. (IS). having 
noted that three mothers who gave birth to children with 
transposition of the great vessels had taken dextroamphet-
amine sulfate, determined the effect of this drug on mice. 
They found that 12% of the offspring of mice given dex-
troamphetamine, 50 mg/kg body weight, on the eighth day 
of gestation had cardiac defects. 
Neural tube defects have recently provided us with an-
other example of a possible interaction between the envi-
ronment and a polygenic system. The chance of a fetus 
having a neural tube defect when its mother has had a 
previous child with this defect is 5%. Smithells et al. (16) 
found that if such mothers were given vitamin supplements 
this figure was reduced to 0.5%, and subsequent investi-
gation (17) has supported this observation. This finding 
suggests that diet may interact with the genes that predispose 
to this malformation although this interpretation must still 
be regarded as controversial. 
The third reason for postulating an environmental cause 
is that it would provide an explanation for the absence of 
a Carter effect. We find that for all defects studied the risk 
to children is greater than when the mother is the proband 
even when the mother is the more frequently affected sex. 
This would be consistent with environmental agents acting 
in utero. 
For these reasons, we think that some factors that increase 
the risk of congenital heart disease are present in unusual 
degree in the environment to which our study population 
has been exposed. The recent study reported from Yale (6) 
raises the possibility that the increased risk we have observed 
is not a local phenomenon and that, since the earlier studies 
of the 1960s by Nora et aI., there has been a global increase 
in the risk caused, perhaps, by a general change in the 
environment during this period of time. In fact, the amount 
by which the frequency of congenital heart disease observed 
in our population of offspring exceeds that predicted by 
theory. given the generally accepted population frequencies, 
makes sense only if the putative environmental effect is a 
recent one. If this postulated environmental effect had been 
present for a long time at its present intensity it would clearly 
have increased the population frequency of congenital heart 
disease. It follows that, if our hypothesis of a recent en-
vironmental change predisposing to congenital heart disease 
is correct, the frequency of the latter in the general popu-
lation should have increased. A prospective determination 
of the present frequency of congenital heart disease in the 
population would, therefore, provide a crucial test of our 
hypothesis. The agent itself might be identified by com-
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paring the environments of those probands who did and did 
not have affected children. 
Impact on counseling. We believe that the rriost im-
portant practical implication of this study is the desirability 
of basing counseling risks of congenital heart disease on 
data obtained from the population to which the consultant 
belongs. Where this is not possible, the physician's advice 
as to the risk of recurrence should be tempered by an aware-
ness of the higher recurrence risk found in recent studies. 
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